In a wet oligotrophic meadow located in the Czech Republic, a factorial experiment with treatments consisting of fertilization, mowing, and removal of the dominant species (Molinia caerulea) was established in 1994. In 1997 Holcus lanatus, Molinia caerulea, Potentilla erecta, Prunella vulgaris, and Ranunculus auricomus were examined for arbuscular mycorrhizal (AM) hyphae, arbuscles, and vesicles three times over the season. Time had a significant effect on AM in all five species. Except for Molinia arbuscles, a modal effect occurred, with the second sampling having a greater level of AM structures than the first and the third. Fertilization had the greatest effect on AM levels by decreasing the level of Holcus hyphae and vesicles, Potentilla vesicles, Prunella hyphae, and Ranunculus hyphae and vesicles. Mowing significantly increased the number of Potentilla vesicles, and the removal of dominant species had no significant effects. Interactions between time and treatments were common. Significant effects to the arbuscle:vesicle ratio were infrequent, and those that occurred were related to changes over the season. Seasonal effects appear to have a more powerful effect on AM structures and the arbuscle:vesicle ratio than do treatment effects. In a second experiment, Ranunculus auricomus, R. acris, and R. nemorosus, sampled four times over the season, showed significant changes in AM colonization. Overall, AM structures either declined over the season or increased from April to May and then declined. There was no AM colonization response to a spring fertilization in the three species. It is postulated that the patterns observed are due to phosphorus availability and seasonal changes in soil moisture and rates of root growth and turnover.
In Central Europe, meadows at lower elevations are anthropogenic in origin, having been used for hay production and require traditional management practices, i.e., mowing and no or limited fertilization to maintain their diverse species assemblage (Bakker, 1989; Oostermeijer, van't Veer, and den Nijs, 1994) . Recently, due to economic pressures, management practices of these meadows have changed dramatically, with either intensified fertilization or abandonment of meadows. Both processes produce changes in species composition that are accompanied by extirpation of some species and an overall loss of species diversity (Bakker, 1989) . When traditionally managed these meadows are quite diverse, often containing Ͼ50 species/m 2 , many of which are endangered (Klimeš, Jongepier, and Jongepierová, 1995; Krenova and Lepš, 1996) . Thus, these meadows are a focus of research efforts, an important aspect of which is the response of meadow species to treatments based upon traditional and modern management practices. Mycorrhi-1 Manuscript received 4 January 1999; revision accepted 15 June 1999.
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zae may be important in the maintenance of species diversity in these meadows (Grime et al., 1987; Gange, Brown, and Farmer, 1990; Francis and Read, 1995; Zobel, Moora, and Haukioja, 1997; Wilson and Hartnett, 1997) .
Arbuscular mycorrhizae (AM) are important components of virtually all terrestrial ecosystems (Brundrett, 1991; Smith and Read, 1997) . It is estimated that Ͼ90% of all higher plants are mycorrhizal and Ͼ80% of these form AM relationships (Smith and Read, 1997) . Plants colonized by AM fungi usually exhibit improved growth due to enhanced nutrient uptake, principally phosphorus (e.g., Koide, 1991; Boerner, 1992; Mullen and Schmidt, 1993) , although many cases of antagonistic relationships between plants and AM fungi exist (e.g., Francis and Read, 1995) . In high-phosphorus environments, i.e., with fertilization, AM may not be beneficial to the plant because the plant continues to export carbon to the fungi while receiving in return phosphorus that could be extracted from the soil without AM (Chambers, Smith, and Smith, 1980; Graham, Leonard, and Menge, 1981; Schwab, Menge, and Leonard, 1983; Braunberger, Miller, and Peterson, 1991) . However, reports also exist of high AM colonization and enhanced plant growth at high available phosphorus concentrations (Davis, Young, and Rose, 1984; Smith et al., 1986) . Other edaphic factors such as excess nitrogen (Hall, 1978; Chambers, Smith, and Smith, 1980) and pH (Wang et al., 1993; Porter, Robson, and Abbott, 1987; Al-Agely and Reeves, 1995) may also create conditions for little or no benefit to the host plant from AM. In addition to affecting plant perfor-TABLE 1. Characteristics of each target species and their responses to treatments such that a ''ϩ'' corresponds to species increase under a given treatment, ''Ϫ'' species decrease, and ''0'' to no response. Species responses are described in detail in Lepš (1999 mance, these factors also influence host plant dependency on AM symbiosis and the level of root colonization (Menge et al., 1982; Kitt, Hetrick, and Wilson, 1988) . Grazing has been found to dramatically reduce AM colonization and spore densities. This may be due to a decrease in leaf area and an increase in root:shoot ratio that result in a decreased source capacity insufficient to satisfy root and AM fungi sink demands (Bethlenfalvay and Dakessian, 1984; Bethlenfalvay, Evans, and Lesperance, 1985) . Many studies have found that seasonal factors, which are directly related to host plant development stage or physiological state, play a major role in AM colonization levels (Read, Koucheki, and Hodgson, 1976; Rabatin, 1979; Gay, Grubb, and Hudson, 1982; Allen, 1983; Allen, Allen, and West, 1987; Brundrett and Kendrick, 1988; Sanders, 1990 Sanders, , 1993 Sanders and Fitter, 1992a; Mullen and Schmidt, 1993) . For example, AM fungal colonization is often lowest in early summer due to rapid root growth outstripping the spread of AM colonization (Douds and Chaney, 1982; Warner and Mosse, 1982; Dickman, Liberta, and Anderson, 1984; Ebbers, Anderson, and Liberta, 1987) .
The aim of this study was to assess the influence over time of management techniques that maintain meadow diversity on AM colonization levels through measurements of three AM structures, hyphae, arbuscles, and vesicles, in two field experiments. In the first experiment, using five vascular plant species we assessed the effects of different treatments (fertilization, mowing, and removal of the dominant species) upon AM levels over time. In the second experiment we assessed AM levels over time in three Ranunculus species with a fertilization treatment.
MATERIALS AND METHODS
Study area-Ohrazeni is a ϳ1-ha wet oligotrophic meadow located in southwestern Czech Republic, 10 km southeast of Ceské Budejovice, (48Њ57Ј N, 14Њ36Ј E), at an elevation of 510 m a.s.l. Mean annual temperature is 7.8ЊC, and mean annual precipitation is 620 mm (Ceské Budejovice meteorological station; Vesecký, 1960) . July is the wettest and warmest month with 102 mm of precipitation and temperatures range from a minima of 11.6ЊC to a maxima of 24.1ЊC. Mean January (the coldest month) temperatures range from a mean daily minima of Ϫ6.2ЊC to a mean maxima of 0.6ЊC. Soil nutrient levels are low (total nitrogen 6-8 g/kg dry soil mass, total phosphorus 400-500 mg/kg dry mass, C/N ratio 16-20 (Lepš, unpublished data) . See Lepš (1999) for description of the vegetation. Nomenclature follows Rothmaler (1976) .
Experiment 1-Treatments were established in a 24 4-m 2 quadrat factorial design in three complete blocks in 1994 (Lepš, 1999) . The treatments were fertilization, mowing, and removal of the dominant species (Molinia caerulea). The fertilization treatment was an annual application of 65 g/m 2 of commercial NPK fertilizer [12% N (nitrate and ammonium), 19% P (as P 2 O 5 ), and 19% K (as K 2 O)], applied in two dosages, 50 g/m 2 in autumn and 15 g/m 2 in spring (starting in 1997 the total dosage was applied in spring). The mowing treatment was annual scything of the quadrats in late June or early July. Molinia caerulea was manually removed by screwdriver in April 1995, and new individuals are removed annually. The community is nutrient limited; fertilization increased aboveground biomass from 350 to nearly 600 g/ m 2 [dry mass] (Lepš, 1999) .
The roots of two individuals of Holcus lanatus, Molinia caerulea, Potentilla erecta, Prunella vulgaris, and Ranunculus auricomus were excavated in each of the 24 quadrats on 20 May, 10 June, and 5 July 1997. Molinia caerulea was only present in half of the plots because it had been removed from the ''removal of dominant species'' treatment quadrats. Mowing occurred after the second sampling period and before the third. Plants were frozen until 24 August 1997. Roots were separated, washed, cleared, and stained with chlorazone black (Brundrett, Melville, and Peterson, 1994) . Percentage AM colonization of fine roots (Ͻ1 mm in diameter) was estimated by placing a grid of 1-cm squares below a petri plate that contained the root sample under a dissecting microscope. One hundred locations in which a root crossed a line on the grid were scored for hyphae, arbuscles, and vesicles. Many samples were examined under higher power to ascertain that the structures were indeed AM. The number of mycorrhizal ''hits'' is used as an estimate of percentage root colonized by the three AM structures (Brundrett, Melville, and Peterson, 1994) .
For the two specimens of a species in a quadrat, percentage hypha, arbuscle, and vesicle values were averaged. These pooled quadrat values were used in statistical analysis. Due to the difficulty of isolating fine roots from meadow samples, the number of viable root samples in 17% of the quadrats was one. In these cases the AM colonization values from this one sample were used as the quadrat value. For each quadrat the number of arbuscles was divided by the number of vesicles to achieve an arbuscle:vesicle ratio.
Quadrat values were arcsine transformed to improve normality and homoscedasticity assumptions and analyzed by univariate repeatedmeasures ANOVA at ␣ ϭ 0.05 (Zar, 1984; Wilkinson, 1997) . Repeatedmeasures analysis is used when the same quadrat is measured repeatedly over time. Repeated-measures ANOVAs were conducted for each species for each AM structure to determine whether treatments influenced AM colonization levels, whether there were differences over time in AM colonization, and whether there were any interactions between treatments and between treatments and time. Initially, ANOVAs were conducted with all block interaction effects. For each ANOVA the block effect was tested to determine whether blocks were poolable, i.e., whether or not there are significant differences between blocks. Blocks with no significant differences can be pooled. This was done by dividing the largest mean square error for a block interaction treatment, in the section of the ANOVA table that does not include time, by the smallest mean square error. The resulting F 2,2 values were tested for significance at ␣ ϭ 0.10. This was repeated for the section of the ANOVA If either section of the ANOVA was significant, blocks were not pooled because of the existence of a significant block effect. The ANOVAs with pooled blocks were recalculated.
Experiment 2-Three Ranunculus species, R. acris, R. auricomus, and R. nemorosus, are common in these wet oligotrophic meadows. In order to assess temporal changes in AM colonization of these species, nine individuals of each species were harvested on 28 April, 22 May, 24 June, and 16 July. In addition, on 22 May nine plants of each species were fertilized with 65 g of NPK fertilizer in a 16-cm 2 area around the base of the plant. Fertilized plants were harvested on 16 July. Samples were prepared as above.
Percentage values of each AM structure for each species were arcsine transformed and analyzed by ANOVA at ␣ ϭ 0.05 with Tukey's posthoc test (Zar, 1984; Wilkinson, 1997) . For each species arcsine-transformed AM levels were compared between unfertilized (using the 16 July samples) and fertilized plants by a two-sample t test at ␣ ϭ 0.05.
The species-Cover of all species in all plots was regularly recorded, and species responses are described in detail in Lepš (1999) . In Table [ Vol. 87 AMERICAN JOURNAL OF BOTANY 1 we briefly present characteristics of each target species and their responses to treatments such that a ''ϩ'' corresponds to species increase under a given treatment, ''Ϫ'' species decrease, and ''0'' to no response.
RESULTS
Experiment 1-Ranunculus species cover increased in all three treatments (Table 1) . Molinia and Potentilla decreased in both fertilization and mowing treatments. Holcus and Prunella decreased with fertilization and increased with mowing. Species increased in cover with the removal of the dominant species (see Lepš, 1999) .
All plants were mycorrhizal in all treatments. Hyphal levels ranged from trace to a high of 95%. Infrequently, plant roots did not contain arbuscles or vesicles, but at least one of the individual plants in every treatment quadrat had arbuscles and vesicles. For all the species there were occasionally significant differences in AM colonization across treatments, and species showed significant trends in AM colonization across the growing season ( Fig. 1a-f ; Table 2 ). Blocks were pooled for the AM structures in several species (Table 2) .
Fertilization caused a decrease in Holcus hyphae and vesicles, Potentilla vesicles, and Ranunculus vesicles ( Fig. 1a-f ; Table 2 ). Prunella hyphae decreased at P ϭ 0.066. Mowing significantly increased the number of Potentilla vesicles. Removal of dominant had no significant effects. Significant interactions between treatments were only observed for Holcus hyphae (mown ϫ fertilization P ϭ 0.054) and mown ϫ removal of dominant) and Ranunculus hyphae (fertilization ϫ removal of dominant).
Time had a significant effect on hyphae for all species except Molinia and Ranunculus. Arbuscles showed a significant time effect only in Molinia and Ranunculus. Vesicles showed a significant time effect in Potentilla, Prunella, and Ranunculus. In all of these cases, except for Molinia arbuscles, a modal effect occurred with the second sampling period having a greater level of AM than the other sampling periods. In Molinia arbuscles the opposite effect was seen, with the second sampling period having the lowest value.
Significant interactions between time and treatments were seen in Potentilla hyphae (time ϫ fertilization ϫ removal of dominant), arbuscles (time ϫ mown ϫ fertilization), and vesicles (time ϫ mown), in Prunella hyphae (time ϫ mown ϫ fertilization), arbuscles (time ϫ mown), and vesicles (time ϫ fertilization), and in Ranunculus vesicles (time ϫ mown ϫ removal of dominant). For the Potentilla vesicles time ϫ mown interaction Potentilla in unmown quadrats had more than twice the number of vesicles at the first sampling period than in mown quadrats, but the number of vesicles were similar between the mown and unmown treatments in the second and third sampling periods. For the Prunella arbuscles the time ϫ mown interaction Prunella in mown quadrats had many more arbuscles than in unmown quadrats in the first sampling period, by the second sampling period Prunella in unmown quadrats had more arbuscles, and arbuscle levels declined to a similar value in both treatments by the third sampling period. The Prunella vesicles time ϫ fertilization interaction was as follows: both fertilized and unfertilized plants had the fewest vesicles in the first sampling period and both increased for the second sampling period and declined for the third. The difference between the two treatments is that there were many more vesicles in the second sampling period for the fertilized plants than the unfertilized plants. The other values were similar.
Significant effects in the arbuscle:vesicle ratio occurred infrequently. When they did occur, they were primarily related to changes over the season. The ratio changed across the season for Potentilla and Prunella as shown by a significant time effect. The ratio in Potentilla was similar in the first two sampling periods and increased on Fig. 1a- f. Arbuscular mycorrhizal structures were ''hyph'' ϭ hyphae, ''arb'' ϭ arbuscles, ''ves'' ϭ vesicles, and ''ratio'' ϭ arbuscle:vesicle ratio. the third. The ratio in Prunella decreased from the first to the second sampling period and increased for the third. Time ϫ mown was a significant interaction in Molinia and Prunella. Both species showed a modal effect with the second sampling period having a lower ratio than the first and third periods. However, the ratio in Molinia was much larger in the first sampling period in the mown plots than in subsequent sampling periods and in the unmown quadrats the ratio was much larger in the third sampling period than in the earlier sampling periods. A similar pattern occurred in Prunella but less dramatically. The mown ϫ fertilization interaction was significant at P ϭ 0.54 in Molinia. A higher level interaction was significant in Potentilla (time ϫ mown ϫ fertilization).
Experiment 2-The three Ranunculus species showed significant changes in AM colonization across the season (Table 3) . Overall, AM structures either declined over the season, or increased from April to May and then declined. Hyphae decreased significantly over the season only for R. acer. Arbuscles declined over the season for all three species, although for R. auricomus the highest level occurred at the second sampling. Vesicles increased from April to May and then declined over the remainder of the season for R. acer and R. nemorosa. There was no AM response to fertilization in the three species.
DISCUSSION
For every species studied, in both experiments, time had a significant effect on levels of at least one AM structure, showing that levels of AM fungal structures, hyphae, arbuscles, and vesicles in the root, change over the season. This is not surprising because phosphorus demands of the plant and moisture levels in the soil change over the season, and rates of root growth and turnover vary. In addition, temporal factors play a major role in host benefit from AM colonization, such that AM may only benefit plants during the brief periods when phosphorus demand is high (Fitter, 1989; Sanders and Fitter, 1992b) . Arbuscles, because they are the site of the exchange of materials between plant and fungus, are the best indicators of the quantity of material flow and therefore the intensity of the mutualism.
In Experiment 1, at the time of the first sampling, roots are probably growing rapidly and outstripping the spread of AM colonization, i.e., hyphal and arbuscle growth (Douds and Chaney, 1982; Warner and Mosse, 1982; Dickman, Liberta, and Anderson, 1984; Ebbers, Anderson, and Liberta, 1987) . In the second sampling period phosphorus demands were high because the plants were flowering and/or fruiting and root growth had slowed, and thus AM colonization levels were high. AM levels decrease by the third sampling period, most likely due to a reduction in plant phosphorus demand. In 1997, the third sampling period was after peak flowering and fruiting for all of the species, except Molinia caerulea, so phosphorus demand was low by this time. In Experiment 2, where a significant time effect occurred, 22 May had the highest AM levels in four of the cases, and 28 April had the highest in the other two cases. In all of these cases there was a decline in AM levels after the second sampling period.
Of the three treatments in Experiment 1, fertilization had the most dramatic effect and caused a decrease in hyphae in one species and in vesicles in three species. The dependence of a plant species on the AM mutualism decreases in the presence of high levels of available phosphorus (Fitter, 1977; Graham, Leonard, and Menge, 1981; Schwab, Menge, and Leonard, 1983) and may be reflected by a reduction in hyphae or arbuscles. Vesicles indicate carbon storage and their reduction with fertilization may indicate a reduced reliance by the plant on the fungus and hence a reduction in carbon translocation to the fungus. A fertilization effect was observed in Experiment 1 and not in Experiment 2. This was most likely due to the several years of fertilization plants were sub-[Vol. 87 AMERICAN JOURNAL OF BOTANY jected to in Experiment 1 as opposed to the single fertilization event in Experiment 2. Fertilization changes the competitive environment of the plant, and tall erect herbs, such as Ranunculus auricomus, increase in cover by overtopping the other species (Lepš, 1999) .
The interactions between time and fertilization show that fertilization influences the effect that time has on AM levels. The cases where an interaction occurred did not necessarily have a significant fertilization effect. The interactions may be due to differences in root growth and turnover and the dynamics of phosphorus demand. Higher level interactions become increasingly difficult to interpret, as species-specific and season-specific dynamics of the AM mutualism interact with all the factors.
All three of the treatments alter the competitive environment of the plant. AM have been found to influence competitive outcomes in both the greenhouse (Fitter, 1977; Grime et al., 1987; Hetrick, Wilson, and Hartnett, 1989; Hartnett et al., 1993; Moora and Zobel, 1996; Titus and del Moral, 1998) and the field (Allen and Allen, 1984, 1990; Johnson et al., 1991) . Competition has been found to have a significant effect on AM levels in the greenhouse (Titus and del Moral, 1998) , but the effect on AM levels in the field is unclear. Although both mowing and removal of dominant had powerful effects on community composition and structure, as did fertilization (Lepš, 1999) , their influence on variables directly related to AM levels may be less dramatic because they do not directly change phosphorus levels; rather they change plant-plant interactions. Phosphorus and protection from pathogens (Newsham, Fitter, and Watkinson, 1995) are generally thought to be the primary benefits the plant receives from the mutualism. The significant effects that were found from mown and mown ϫ time may be due to differences in root growth and turnover with the reduction in leaf area that accompanies mowing and the resulting changed competitive environment. Likewise, Molinia and Prunella saw a significant change in the arbuscle:vesicle ratio with a time ϫ mown interaction. Aboveground Molinia cover decreased with mowing and Prunella increased (Table 1 ). It appears that for these two species mowing causes the ratio to peak early in the season, with many arbuscles and little carbon storage by the fungus, whereas for unmown plants there are many more vesicles at the end of the season when plant growth has slowed and carbon has accumulated in the vesicles. If the plant is mowed during the season, the removal of leaf area may prevent the accumulation of carbon by the fungus in the mown plots. Removal of dominant species had little influence on AM levels. Higher level interactions involving mowing and removal of dominant species did occur.
The ratio between mycorrhizal arbuscles and vesicles may give an indication of the relative cost/benefit of the fungus to the plant (Abbott, Robson, and de Boer, 1984; Braunberger, Miller, and Peterson, 1991) . If roots experience high nutrient conditions and the plant is less dependent upon AM for phosphorus, the plant may cause a reduction in the number of arbuscles (Duke, Jackson, and Caldwell, 1994) . Under lower nutrient conditions the plant causes an increase in arbuscle formation in order to increase phosphorus transfer from the fungus to the plant, thereby increasing the ratio of arbuscles to vesicles. A treatment that changes carbon flow to the fungus would be expected to influence the arbuscle:vesicle ratio. In addition, the plant and fungal species involved in the mutualism may influence the ratio (Yawney and Schultz, 1990; Streitwolf-Engel et al., 1997; van der Heijden et al., 1998) , plant stress may cause an increase in the number of vesicles (Reece and Bonham, 1978; Cooke, Widden, and O'Halloran, 1993; Duckmanton and Widden, 1994) , and root age has been found to alter the ratio with arbuscles forming first in young roots and vesicles increasing in frequency as the roots age (Cooke, Widden, and O'Halloran, 1993) .
Changes in the arbuscle:vesicle ratio were primarily related to changes in arbuscle and vesicle numbers across the season rather than to treatment effects. For example, in Potentilla and Prunella, this could be related to an increased need for phosphorus during fruit production because both species show an increase in the ratio during the third sampling period when fruits are being produced. For both of these species the number of arbuscles and vesicles decreased from the second to the third sampling period, however, the number of vesicles decreased more than the number of arbuscles, which led to an increase in the ratio. The significant time ϫ mown interaction in Molinia and Prunella is more complex, but a similar seasonal pattern to that described above occurs in the unmown plots where the ratio increases for the third sampling period. In mown plots this did not occur, perhaps due to the removal of leaf area. However, changes to the ratio could be due to other stress-related factors or to the aging of roots across the season.
The relationship between species cover response to treatments (Table 1 ) and effects of treatments on AM levels ( Fig. 1a-f ; Table 2 ) is unclear. In most cases a species cover response to a treatment was observed, but significant effects of those treatments on AM levels were not found. For example, Prunella shows the greatest response of any of the species to fertilization and mowing (Lepš, 1999) , however, the effects of these treatments on AM levels were not significant. When Holcus and Potentilla cover decreased in response to fertilization, the number of vesicles also decreased. This would imply that fertilization led to a decrease in carbon flow to the fungus because these species were outcompeted by other species in a high nutrient environment and were reduced in cover (Lepš, 1999) . However, when Potentilla cover decreased in response to mowing, the number of vesicles increased. The only instance where an increase in species cover led to a significant change in an AM structure is the increase in R. auricomus that occurred with fertilization, which caused a decrease in number of vesicles. The cover increases that all of the species experienced with the removal of the dominant did not cause any significant change in AM levels. As to the arbuscle:vesicle ratio, it appears that changes in the ratio were primarily related to changes in arbuscle and vesicle numbers across the season rather than to treatment effects. These results underscore the idea that the relationships between AM and plant response are complex and a large number of variables is involved. One of the most important of these is that changes in AM structures across the season are much stronger than the effects of any of the treatments on the AM structures.
Numerous factors influence results obtained in surveys of AM distribution and abundance. Therefore, when AM colonization levels in plants are assessed, the results may not reveal the actual extent or the importance of the symbiosis (McGonigle, 1988) . Likewise, the variable nature of the symbiosis must be considered when growth effects on plants from AM colonization are measured. Due to this variability the role of AM is complex and will fluctuate because of a host of interacting biotic, abiotic, temporal, and spatial factors.
